REMARKS 

Claim 1 calls for a semiconductor structure and a removable material on the 
semiconductor structure. A curved microspring is formed over said removable material . A 
spring arm is formed on the semiconductor structure over the microspring. The cited reference 
to Bishop is asserted to teach a semiconductor structure 26. It is argued that a removable 
material is removed from layers 12 and 26. But even if this were so, it is not pertinent to the 
claim since the claim requires the removable material to be under the microspring. This is 
because the claim calls for a curved microspring formed over the removable material. The cited 
reference to Bishop does not teach a microspring as apparently conceded and, therefore, it most 
certainly does not teach a microspring formed over a removable material. Thus, Bishop fails to 
meet the claim limitations. 

Sobhani does not cure the deficiencies inherent in Bishop. While the office action is 
silent on how Sobhani is applied, presumably, the Examiner relies on the dimple 18. But there is 
nothing to suggest that the dimple 1 8 is a microspring or that it is formed over removable 
material. Therefore, the pertinency of Sobhani is not understood. 

Even if there were some rationale to combine the two references, which there most 
certainly is not, there still is no teaching of a curved microspring formed over a removable 
material. A microspring is a term of art in the microelectromechanical systems (MEMS) field. It 
refers to a spring on the order of integrated circuit size. Plainly, the claim refers to such a device 
since it calls for a microspring to be formed on a semiconductor structure. Attached are a 
number of publications from the MEMS field which refer to MEMS microsprings in this way. In 
addition, neither reference nor their combination teaches forming a microspring over a 
semiconductor structure as claimed. The fact that someone used a large spring does not teach 
that it would be obvious to make a similar type of structure on an integrated circuit scale. 

Claim 22 further calls for the removable material to a material that is removable through 
the application of heat. Claim 22 defines the type of material. The claimed material is one that 
is removable through the application of heat. The assertion that the method of heating is not 
germane to the issue of patentability of the product itself is true, but provides no basis to reject 
the claim. The refusal to give patentable weight to the material limitation should be 
reconsidered. 
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In view of these remarks, reconsideration is requested. 



Respectfully submitted, 



Date: August 17. 2004 
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ABSTRACT 

Single crystal silicon is the standard substrate for both bulk- and surface- 
micromachined microelectromechanical systems (MEMS). However, it can also be 
used as a structural material itself in microdevices. In particular, single crystal 
silicon micro-springs have been designed and fabricated. These springs, which are 
approximately 20 pm thick and 7 mm across, incorporate a central island that can 
be used to apply force to an external device, such as a microvalve or micropump. 
Varying designs can exhibit deflections of 50 to 1500 \im under applied loads of 5 
to 50 mN. The spring behavior has been fully characterized bymechanical testing 
and by finite element analysis. The micromachining techniques used to fabricate 
these devices create distinct surfaces of varying morphology, depending on the 
etching methods used. The fracture behavior of these diverse silicon surfaces is 
examined to ensure and improve the reliability of the devices. 

INTRODUCTION 

Silicon-based bulk-micromachined microvalves which use TiNi shape 
memory alloy thin films as actuators have been previously fabricated and reported.' 
These valves were capable of modulating water flow rates up to 5 ml/min, and 
utilized an external biasing spring acting in opposition to the shape memory effect 
of the actuator in order to achieve the opening and closing of the valve. However, 
it is the goal of all MEMS devices to~be bulk manufacturable for cost 
considerations. As a result, an integrated spring, based on the same silicon 
micromachining techniques as the valve, is highly desirable. One candidate for this 
application is a planar microspring etched from a single crystal silicon wafer. This 
spring can then be bonded to the actuator and orifice wafers which comprise the 
remainder of the microvalve. A schematic cross-sectional drawing of this 
microvalve configuration is shown in Figure 1 . 

The forces generated by the TiNi actuator in the microvalve establish the 
parameters which must be adhered to by the spring design. Specifically, a restoring 
force of 0. I N for an out-of-plane deflection of 150 \im is required to close the 
valve. During opening of the microvalve, the spring must deflect an additional 
250 Jim. The planar microspring is confined to a square area with a width of 
7 mm; in addition, a 3 mm wide square of silicon must remain in the center in 
order to apply the bias force, as seen in Figure 1. 
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Figure 1. Schematic cross-sections of a micromachined valve, using an integrated 
silicon spring • in a) the valve is in the cold/closed state; in b) the valve is in the 
heated/openstate. 

PROCEDURE 

The planar silicon microsprings were fabricated using standard 
micromachinong techniques. The processing sequence is sketched in Figure 2, and 
is summarized, as follows. Four inch diameter, 525fim thick single crystal (100) 
wafers are oxidized to a thickness of 1 .5 \im. Photolithography is used to pattern 
the oxide on the backside of the wafers to define the square areas to be used as the 
springs, and the oxide is etched in hydrofluoric acid (Figure 2a). The silicon 
wafers are etched in potassium hydroxide (KOH), which is an anisotropic silicon 
etch that etches much more quickly in the [ 100] than in the [ 1 1 1] directions, to 
create silicon diaphragms of- 10-30 \im thickness (Figure 2b). The oxide on the 
front side of the wafers is photolithographically patterned and chemically etched to 
define the shape of the springs (Figure 2c). the -30 ^im of silicon is reactive ion 
etched in an SF6 ambient, and the remaining oxide is chemically removed. This 
forms the -10-30 |im thick silicon spring, supported by a 525 \im thick frame, 
attached to a central 525 \im thick square island (Figure 2d). These standard 
processing techniques, in particular the reactive ion etching, limit the thickness of 
the silicon microspring to a maximum of -30 Jim. 




Figure 2. Microspring fabrication procedure. See text for further details 

Finite element analysis (FEA) was extensively used to characterize the 
structural properties of the silicon spring while in use. This technique can predict 
the displacement of the spring under varying loads, taking into account bending, 
torsion, and shear, in an efficient manner which would be impossible by analytical 
methods. It is used to model the deflection of the microspring under varying loads, 
and thus to determine the optimum spring design for the present application. 
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Besides providing the appropriate restoring force to the valve, the 
microspring must also be robust enough to survive the required displacements 
without fracturing. As seen in the processing sequence described in Figure 2, the 
springs will have two distinct surface. The top surface is created by the oxidation 
of the polished silicon wafer and subsequent chemical removal of the oxide, and the 
bottom surface is created by KOH etching. As shown in the micrographs in 
Figure 3, the two surface morphologies are quite different. Single crystal silicon 
bend bars were fabricated in a manner similar to that described in Figure 2 - 
specifically, the top and bottom surfaces of the bend bars were created in the same 
way as for the springs. The bend bars were then subjected to four point bending. 
Various specimens were tested with either surface in tension to determine the 
fracture behaviors. 



Figure 3. Micrographs showing the surface morphologies of a) polished silicon 
and b) KOH etched silicon. 

RESULTS AND DISCUSSION 

The results for the four point bending tests on the single crystal silicon bend 
bars are shown in the Weibull plot in Figure 4. The KOH etched surface exhibits a 
greater fracture resistance. This is presumably due to the removal of some of the 
sharpest surface defects during the etch. Unfortunately, the current design of the 
microyalve assembly puts the polished silicon surface in tension during valve 
operation. This could be corrected by an appropriate adjustment of the processing 
sequence, but for the present spring designs a further requirement will be a 
maximum strain of 0.1% at the maximum displacement (40011ml. 

For the spring design shown in Figure 5;i. the experimentally determined 
load-displacement behavior is plotted in Figure 5b, along with the load- 
displacement curves determined by FEA. Three different thicknesses were modeled 
(13, 14. and 15 urn i„ since the actual thickness of the spring was measured to vary 
between 13 and 15 jim, (The springs were typically thicker near the edges of the 
frame and the central island, due to the dynamics of the KOH etching.) The FEA 
predictions match very closely with the experimentally measured behavior, 
verifying the appropriateness of the FEA technique for this application. 
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Figure 5. a) Spring design for which the experimental measurements and FEA 
predictions shown in b) were performed. 
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From the plot in Figure 5b, however, it is clear that this design will not 
work for the microvalve application. Though the maximum strain was calculated to 
be less than 0.05% for 450 Jim of deflection, the force applied by the spnn* is less 
than 0.5 mN, much less than the 0.1 N which is desired. 

Numerous other spring designs were examined, ranging from the straight 
beam design shown in Figure 6a to the serpentine design shown in Figure 6b. 
The load-deflection curves for these two spring designs (15 and 20 |Im thick, 
respectively) are plotted in Figure 7. The straight beam design (7a) displays 
extremely nonlinear behavior, which is inappropriate for this application. In 
addition, the 0. 1% strain limit is exceeded below 50 \m deflection. The serpentine 
spring (7b) accomplished a large enough deflection with a strain below 0.05%, but 
the force applied is much too low. From the analyses of the numerous designs it 
became apparent that very long beams are necessary to achieve large deflections 
with low strains; however, to attain a high restoring force, the thickness of the 
beam&must increase drastically. 




Figure 6. Silicon spring designs with a) straight beams and b) serpentine beams. 




Figure 7. Load/deflection behavior for the spring designs shown in Figure 6. 
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Recently, etching equipment which utilize novel techniques have become 
available, which are capable of reactive ion etching through an entire 525 \mx thick 
wafer Therefore, a new spring design was created which took advantage of this 
possibility. The design is shown in Figure 8a, with the load-deflection behavior 
plotted in Figure 8b. A deflection of 150 \im results in a force of 0.1 N, and 
400 \im of deflection is achieved below 0.3 N and a strain of 0.08%. Therefore, 
this spring meets the design criteria for use with the microvalve. Fabrication of 
these springs has recendy been completed. 




Figure 8. a) New spring design for thick springs; and b) Load/deflection behavior 
for this spring. 

CONCLUSIONS 

Silicon microsprings have been designed and fabricated from single crystal 
silicon wafers, using standard micromachining techniques. Fracture studies 
showed that the maximum strain which can safely be achieved under operation is 
0. 1%. Finite element analysis has been experimentally verified to accurately predict 
the mechanical behavior of the springs. For use in a TiNi shape memory alloy 
actuated microvalve, FEA has determined that standard silicon processing is not 
sufficient, because the thickness of the spring required to meet the design 
specifications is on the order of 500 finL This can be achieved by novel reactive 
ion etching techniques. 
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